Abstract-The National Aeronautics and Space Administration (NASA) initiated a program called Operation IceBridge for monitoring critical parts of Greenland and Antarctica with airborne LIDARs until ICESat-II is launched in 2016. We have been operating radar instrumentation on the NASA DC-8 and P-3 aircraft used for LIDAR measurements over Antarctica and Greenland, respectively. The radar package on both aircraft includes a radar depth sounder/imager operating at the center frequency of 195 MHz. During high-altitude missions flown to perform surface-elevation measurements, we also collected radar depth sounder data. We obtained good ice thickness information and mapped internal layers for both thicker and thinner ice. We successfully sounded 3.2-km-thick low-loss ice with a smooth surface and also sounded about 1-km or less thick shallow ice with a moderately rough surface. The successful sounding required processing of data with an algorithm to obtain 56-dB or lower range sidelobes and array processing with a minimum variance distortionless response algorithm to reduce cross-track surface clutter. In this paper, we provide a brief description of the radar system, discuss range-sidelobe reduction and array processing algorithms, and provide sample results to demonstrate the successful sounding of the ice bottom interface from high altitudes over the Antarctic and Greenland ice sheets.
I. INTRODUCTION
T HE National Aeronautics and Space Administration's (NASA) Operation IceBridge (OIB) is aimed at continuity in laser altimeter observations of the Antarctic and Greenland ice sheets and sea ice to fill the gap between the loss of ICESat-I and the launch of ICESat-II in 2016. With limited coverage possible with aircraft, OIB data collection efforts are primarily focused on quickly changing ice shelves, outlet glaciers along the margins of the ice sheets and sea ice. The mission's platforms include the NASA DC-8, P-3B, and King Air B200 Airborne Laboratories. Two primary LIDAR systems on the NASA aircraft used for airborne measurements are the Airborne Topographic Mapper (ATM) developed at NASA's Wallops Flight Facility on Wallops Island, VA; and the Land, Vegetation and Ice Sensor (LVIS) developed at the Goddard Space Flight Center, Greenbelt, MD. The ATM is used mainly for low-altitude (400-800 m above ground) measurements, and the LVIS is used for high-altitude (10 km above ground) measurements. The ATM and LVIS data are processed to estimate ice-surface elevation, ice-sheet topography, and roughness. The changes in ice-surface elevation generated by repeated flights over the same area are used to monitor thinning and thickening rates. The ATM is reported to measure ice-surface elevation with an accuracy of about 10 cm over a swath of about 600 m from its normal operating altitude of about 500 m [1] . The LVIS is also reported to measure ice-surface elevation with an accuracy of about 10 cm over a swath of about 2 km from an altitude of 10 km [2] . Other instrumentations on the aircraft include radars, a gravimeter, a magnetometer, and a digital camera [3] . The radar instrumentation include the Multi-Channel Coherent Radar Depth Sounder/Imager (MCoRDS/I), developed by the Center for Remote Sensing of Ice Sheets (CReSIS) at the University of Kansas, to measure the ice thickness, map internal ice layers, and image the ice bottom both from low and high altitudes. The MCoRDS/I is an improved version of a previous CReSIS Very High Frequency (VHF) Multichannel Radar Depth Sounder [4] . The radar data collected with the MCoRDS/I during the OIB low-altitude missions have been used to produce a 3-D basal digital elevation model and ice thickness map of Pine Island Glacier [5] .
Although significant progress has been made in sounding and imaging the Antarctic and Greenland ice sheets, large parts of East Antarctica remain unmapped. Satellite-based radar sounders operating in the VHF and P-band (300 MHz-1000 MHz) are being considered for large-scale mapping of the Antarctic ice sheet [6] , [7] . Orbital sounding and imaging requires the use of pulse compression techniques to overcome large spreading and attenuation losses. A pulse-compression radar transmits a long-chirped pulse to obtain the high energy 0196-2892/$31.00 © 2012 IEEE required to detect distant targets and compresses the received signal into a short-pulse to obtain fine range resolution. However, a major artifact of the pulse compression is range sidelobes, centered on the main return, that extend over a period equal to twice the pulse duration of the chirp. The range sidelobes of strong ice surface signals can potentially mask weak bottom echoes. Backscattered signals from the ice surface can also mask weak ice bottom echoes, particularly in areas with a moderately rough ice surface. The OIB LVIS measurements provided opportunities to collect radar data from altitudes up to 10 000 m with a jet aircraft over a variety of ice thickness regimes and surface conditions. The high-altitude flight lines provide a larger swath for LVIS to map the ice surface elevation and for MCoRDS/I to map ice basal topography with its small array.
There are several previous high-altitude measurements, though these are limited in terms of range of the ice thickness and surface conditions covered. During earlier surveys of Greenland in 1999 and 2001 and of Antarctica in 2004 carried out by the University of Kansas, some data were collected about 4000 m above the ice surface when the aircraft had to climb up to avoid low-level clouds. In several cases, low-loss ice with thickness of about 1.5 km in Greenland and of about 1.2 km in Antarctica was successfully sounded. For most cases, echoes from the ice bottom and ice layers were masked by severe surface clutter because of the large attenuation from overlying ice. Results from these high-altitude flights of opportunity can be seen in links provided in [8] and [9] . Raney et al. [10] reported high-altitude measurements from data collected in May 2007 from about 4800 m above the surface using a 150-MHz radar over the crest of the Greenland ice cap. The delay-Doppler technique was used to process the data and reduce along-track clutter. The ice bottom was visible at 3.3 km, but there was severe masking of the internal layers by crosstrack surface clutter or ice-surface sidelobes. Jezek et al. [11] collected high-altitude data in September 2007 from 4400 m above the surface over the North East Ice Stream in Greenland with a dual-frequency radar at 150 MHz and 450 MHz. The data were synthetic aperture radar (SAR) processed to reduce the along-track clutter, and a conventional beam-steering technique with six channels was applied to reduce across-track clutter. At both frequencies, the ice bottom at a depth of around 2.5 km was detected. Compared to the data collected by the same radar over the repeated flight lines at a low altitude of 500 m, the bottom echoes obtained from high altitude were weak, while the internal layers were masked by cross-track clutter. The conventional beam steering techniques are not very effective in reducing across-track clutter.
To take advantage of high-altitude flight lines flown for collecting data with LVIS, we modified the MCoRDS/I to transmit a longer chirped pulse of 30-μs duration with peak power of 500 W to collect radar data from high altitudes. We also addressed the range sidelobe and ice surface-clutter issues to perform high-altitude measurements. With the technique of tapering the amplitude of the edges of the longer transmit pulse, we suppressed the range sidelobes to at least 56 dB or more below the main lobe so that the weak ice layers and bottom echoes were not masked by range sidelobes of the ice surface.
Combined with the custom-designed antenna array, we implemented an advanced minimum variance distortionless response (MVDR) algorithm and reduced across clutter effectively. In the rest of this paper, we will first describe the features of the antenna and radar system, then discuss in detail the range-sidelobe and ice-surface-clutter reduction algorithms, and finally present sample results of high-altitude measurements over the Antarctic and Greenland ice sheets in both inland and margin areas.
II. RADAR SYSTEM DESCRIPTION
The MCoRDS/I is a multichannel radar depth sounder/ imager designed to operate at the center frequency of 195 MHz with a bandwidth of 30 MHz. In order to operate MCoRDS/I on the DC-8 aircraft, we had to develop a custom fairing to enclose the antenna array. Although we initially intended to implement an antenna array of eight elements, the fairing was size limited to a collinear antenna array of five half-wavelength dipoles to meet aerodynamic and structural requirements. A major design requirement for the fairing is that the aerodynamic drag introduced by it should not reduce aircraft range by more than 2.5% [12] . This requirement is imposed to maximize the time for data collection because the aircraft is operated from the airport in Punta Arenas, Chile, with 7-8 h spent in transit to and from the areas of interest. The maximum size of the fairing is 2.5 m × 1.45 m × 10.9 cm, and this limited the array to five quarter-wavelength spaced elements and forced the ground plane to be 10.9 cm from the array elements. The left side of Fig. 1 shows the antenna fairing installed on the DC-8 aircraft, and the right side of Fig. 1 illustrates the arrangement of the five elements of the collinear-antenna array. The proximity of the ground plane to the antenna elements and restrictions in the placement of the feed network resulted in degradation of the antenna return loss over the bandwidth of interest. We designed a passive network to match the antenna impedance to 50 ohms over a bandwidth of about 10 MHz. As shown in Fig. 2 , the return loss of individual antenna elements without a matching network is only 3.5 dB and is nearly constant as a function of frequency. With the matching network, the measured antenna return loss ranges between 8 and 20 dB for most of the band. These measurements include the cable and matching network losses. Based on these measurements, the system was operated with a bandwidth of 9.5 MHz centered at 195 MHz during the survey in Antarctica.
The radar is configured to transmit short chirped-pulses of 1 μs and long chirped-pulses of 10 μs duration for normal operation at low altitudes. For all high-altitude measurements, the system is configured to transmit a single long chirpedpulse of 30-μs duration. The 1-us pulse is for sounding shallow ice and mapping internal layers in the top 1000 m of ice. The long 10-μs pulse is for sounding thicker ice and mapping internal layers beyond 1-km depth. The transmit waveforms are amplitude tapered with Tukey windows with a taper ratio of 0.1 to reduce range sidelobes without losing much transmit power. Tukey windows are cosine-tapered windows with a parameter called taper ratio that is related to the shaped to unshaped part of the waveform. A Tukey window becomes a rectangular window for a taper ratio of zero and a Hanningwindow for a taper ratio of unity. We used Tukey windows with a taper ratio of 0.1 to reduce far-off sidelobes by at least 70 dB below the main lobe for 30-μs pulses, as used to sound ice from high altitudes. The radar is operated with a pulse repetition frequency (PRF) of 9 kHz and peak transmit power of 500 W for high-altitude measurements. The PRF is selected to sound ice with a maximum thickness of 5 km. The range resolution in ice δr = k t c/(2B √ 3.15) is about 20 m because of the amplitude weighting applied to reduce range sidelobes, where k t is the window widening factor and k t = 2.25 for windows used to reduce range sidelobes, c is the velocity of propagation in free space, and the bandwidth is B = 9.5 MHz. The range resolution is thus independent of ice thickness and radar altitude. Fig. 3 shows a simplified block diagram of the MCoRDS/I system. The system consists of four subsystems including the digital unit, the transmitter driver amplifier, the power amplifier, and the receiver. Each subsystem is housed in a separate chassis. The digital unit contains the master oscillator, the eight-channel waveform generator, the eight-channel data acquisition system, and the solid-state hard drive data storage units. The master oscillator generates a 111-MHz reference frequency for deriving synchronous signals, PRF, and sampling frequency. The eightchannel waveform generator uses direct digital synthesis (DDS) chips to produce chirp waveforms at transmit frequency without analog upconversion. We developed the eight-channel waveform generator for use with an eight-element antenna array on unmanned aircraft vehicles (UAV) being developed by CReSIS [13] , [14] . Three out of the eight unused channels were not used and were terminated with matched loads. The waveform generator also produces system timing signals. The amplitude and phase of the transmit waveform supplied to each element of the transmit array can be modulated to synthesize lowsidelobe cross-track antenna beams. Each DDS used to generate waveforms also permits intra-waveform amplitude control for tapering the edges of the chirp to suppress range sidelobes. The data acquisition system digitizes the received signals from all channels with 14-bit analog-to-digital converters (ADC) operating in bandpass sampling mode at the sampling frequency of 111 MHz. The bandpass sampling technique produces an aliased spectrum centered at 28.5 MHz without analog downconversion. Analog up-and downconversion are the main sources of nonlinearity and harmonics in old radar systems. A field programmable gate array performs signal presumming in slow time and truncates data to 16-bit precision. The CPU attaches auxiliary header information. The data storage units have 256-GB capacity and can store more than 6 h of data for one channel in high-altitude flights (assuming 16 presums or coherent integrations and 10 000 range samples).
In the transmitter, each chirp waveform is conditioned by passing through the isolation switch, bandpass filter, and amplifier. The isolation switch passes the waveform during the transmit interval and provides at least 43 dB of isolation to suppress residual DDS noise during the receive interval. The bandpass filter limits the waveform's spectrum, and the amplifier boosts the waveform power to the required level of 10-13 dBm. Five outputs of the transmitter are ultimately passed to the power amplifier, which contains five 100-W channels, each one dedicated to one of the five antenna array elements. Each transmit waveform is amplified and passed through a circulator configured to protect the power amplifier from back reflections. The transmit/receive (T/R) switch provides at least 60-dB isolation to protect the receiver and directs the signal through a preselect filter that is connected to the antenna element via coaxial cables and an impedance matching network. The amplitude and phase of the signal injected to each element were measured during one flight and corrected to minimize channel imbalances. After transmit channel equalization, the amplitude and phase imbalances were reduced to about 0.1
• dB and 2
• , respectively. These remained stable over the entire mission duration within 0.2
• dB and 2.5
• . During the receive interval, the incoming signals enter the antenna element and traverse the matching network and feed cables to the low-loss preselect filter that rejects out-of-band signals. The T/R switch now routes the signal to a limiter followed by an isolation switch, a low-noise amplifier, and a bandpass filter. In the receiver, the signal first passes through another isolation switch with 43 dB of isolation followed by a series of variable attenuators and fixed-gain amplifiers to provide an overall variable gain between 8 and 70 dB. The final receiver gain setting is selected so that the noise power level is a few dB above the ADC's quantization noise level to ensure linear ADC operation as required for effective coherent integration. A detailed description of the radar is available in Shi et al. [15] .
During the first field campaigns in Antarctica and Greenland, we used three off-the-shelf monopole antennas mounted at separate locations along the aircraft cabin to measure in-band radio frequency interference signals. The monopoles were tuned for operation at 195 MHz and connected to three separate receiver channels. The outputs from the receivers are then fed to three spare ADC channels on the data acquisition system. The signals recorded from these antennas revealed very few narrow-band signals in the radar frequency range.
III. PULSE COMPRESSION AND RANGE SIDELOBES
In pulse-compression radar, a long-coded (chirped) pulse is transmitted to obtain the high energy required to detect targets at long ranges, and the received pulse is decoded (dechirped) to generate a short pulse to obtain fine range resolution. The topic of pulse compression and low-range sidelobes is a subject of considerable research over many years [16] - [18] . The main disadvantage of pulse compression is that range sidelobes exist on both sides of main peak over a time window equal to twice the duration of the chirped pulse, with one-pulse duration on each side of the main lobe. Thus, for the 30-μs waveform used for high-altitude flights, the range sidelobes of strong ice-surface echoes can potentially mask weak echoes from ice layers and the bottom to a depth of about 2.5 km. The amplitude of the received signal spectrum is shaped with window functions such as Hanning, Blackman and Dolph-Chebyshev to reduce range sidelobes. However, windowing amplitude spectrum can only reduce the sidelobes near the main peak and cannot suppress the sidelobes located at a time (15 μs) equal to one half of the pulse duration (30 μs). This corresponds to a depth of about 1.25 km for the 30-μs waveform. The distant sidelobes are caused by the Fresnel ripples in the signal's spectrum [18] , [19] . Misaridis and Jensen [18] combined receive windows and transmit waveform amplitude tapering techniques to obtain extremely low range sidelobes. By tapering the edges of the chirped transmit waveform, Fresnel ripples can be smoothed out, and the far-end sidelobes can be substantially reduced. We used their technique to obtain low-range sidelobes with the MCoRDS/I system. Fig. 4(a) shows simulated results for the MCoRDS/I 30-μs waveform. The optimal taper ratio is 0.08 with a minimum −71-dB peak sidelobe level (PSL) and 0.14 with a minimum −49.7-dB integrated sidelobe level (ISL). Considering the tradeoff between PSLs and ISLs, we chose a Tukey window of a taper ratio of 0.1 for tapering the transmit waveform and used a Blackman window to shape the received signal spectrum. Fig. 4(b) shows ice surface response. The data were collected over a relatively smooth ice-covered ocean from an altitude of 11.4 km. The sidelobe performance of the radar can be assessed by analyzing the response on the leading edge of the main peak at about 76 μs. The distant sidelobes are at least 83 dB below the main lobe. The first sidelobe peak in front of the leading edge appears very close to (about 0.6 μs from) the main lobe and is about 56 dB lower than the main lobe with a very fast roll-off of distant sidelobes. The far-off sidelobes beyond 1.4 μs from the main lobe are lower than 70 dB. These results show that range sidelobes are sufficiently reduced to sound low-loss ice ranging from about 200 m to almost 5-km thickness. The range sidelobes on the trailing side of the main lobe are off-vertical backscattered signals that are about 30 dB lower than the main peak.
IV. SIGNAL PROCESSING
One of the major challenges of sounding ice sheets with radars on high-altitude aircraft or orbital satellites is the surface clutter. The radar signal is attenuated and reflected by internal dielectric discontinuities in propagating through the ice to the ice bottom. The signal reflected or scattered from the ice bottom is generally much weaker than that reflected by the ice surface. Paden et al. [20] estimated that the propagation and return loss for about 3-km-thick interior ice in Greenland is about 60 dB. The main reason radar sounders are flown at low altitudes is to keep backscattered signals from the ice surface small so that they cannot mask weak bottom echoes. For a radar on an aircraft flying at an altitude of 500 m above the surface, backscattered signals that can mask the weak bottom echoes for 2-km-thick ice appear at an incidence angle of 83
• , whereas the incidence angle is about 42
• for aircraft flying at an altitude of 10 000 m above the surface. The backscattered signal at 42
• for a relatively smooth surface is much higher than that at 83
• . Thus, backscattered signals from surface clutter are a major problem with high-altitude measurements. SAR processing can be used to reduce antenna beam width in the along-track direction to reduce along-track surface clutter, but it is ineffective in reducing clutter in the cross-track direction. Fig. 5(a) shows a radar echogram of a 52-km flight line. The data were collected in Antarctica over an area with a relatively smooth surface from about 10 250 m above the ice surface. The data shown in the echogram were processed with a SAR algorithm, and the SAR processed signals from each element of the array were combined with Hanning weights-the conventional beamforming method. Although we reduced along-track clutter with SAR processing, the cross-track clutter masked the ice bottom around 1.35 km deep. An array coupled with advanced array-processing techniques is required to reduce cross-track surface clutter to unmask bottom echoes as shown in Fig. 5(b) .
There are three basic steps involved in processing radar data collected during high-altitude missions: 1) Prepare data from each receive channel for processing with a SAR algorithm. Data were collected with five separate receivers from each element of the array. Data from each channel were motion compensated and processed to generate five SAR images. In SAR processing, the surface echoes received by the MCoRDS/I were used to calculate aircraft heights, and an average height was derived within the aperture as the reference height. Under the narrow-beamwidth approximation, the motion compensation removed the major phase variations resulting from aircraft elevation variations, roll, and the surface topography by multiplying the data in frequency domain by e j2kδh , where k is the wavenumber in air, and δh is the height variation with respect to the reference height. The aircraft rotations required to calculate the height variation were provided by an on-board Inertial Navigation System [21] . 2) SAR images were analyzed to estimate amplitude and phase mismatch errors between receive channels. Slight amplitude and phase mismatch between receive channels can substantially degrade antenna cross-track beam formation. Therefore, the compensation of these mismatch errors is very critical for cross-track array processing with an MVDR algorithm. We used strong surface echoes of high-altitude data over the ocean or smooth-ice areas to estimate the mismatch errors. Fig. 6 presents the estimated results of the amplitude (power) and phase offsets between the five receiver channels using many samples of along-track ice surface returns in Fig. 5(a) • with respect to the third receiver channel. For data collected with the same radar settings throughout the survey, the constant offsets were estimated as the averages of surface echoes across all the flight lines, as shown in the above example. The differences between the estimates of the amplitude and phase mismatch errors using different data files were within 0.5 dB and 3
• . 3) Amplitude and phase-corrected data from each channel were processed with an MVDR algorithm. A variety of MVDR beamformers have been widely studied and applied in processing data of radar, sonar, and other acoustic sensors with an array [22] , [23] . An MVDR beamformer is also known as a Capon beamformer because of his original work [24] . Compared to the conventional beamformer with constant weights that are not dependent on data, an MVDR beamformer is optimal and adaptive.
The weights of an MVDR beamformer are computed based on data, so that the signal of interest is passed without distortion and the power of interference and noise is minimized. Specifically, in the application of crosstrack clutter reduction in radar ice depth sounding, the weight vector is
c+n S(θ 0 ), where S(θ 0 ) = e jk(y cos θ 0 +z cos θ 0 ) is the steering vector to the looking direction θ 0 (k is the wavenumber, y and z are column vectors for the phase center coordinates of antenna elements, and θ 0 = 0 in nadir direction), S H (θ 0 ) is the conjugate transposition of the steering vector, R c+n is the clutter-plus-noise correlation matrix, and R −1 c+n is its inverse. In this implementation, R c+n was replaced with the signal-plus-clutter-and-noise correlation matrix
, where E(·) is the expectation operator, X denotes a column vector of the data samples of the five receivers at the range bin of interest, and the expectation operation was performed on multiple along-track snapshots. It has been proven that the optimal weights of MVDR beamformers are equivalent when either R c+n or R s+c+n is used with the Matrix Inversion Lemma [25] . In comparison with Fig. 5(a) , Fig. 5(b) clearly shows the ice bottom after the reduction of the across-track clutter using the MVDR algorithm. Fig. 5(c) shows A-scopes from the conventional beamforming and MVDR algorithms. The results indicate that the cross-track clutter was reduced by about 15 dB at the ice bottom with the MVDR algorithm. This reduction was expected by comparing the array factors of Hanning weights and the MVDR weights shown in Fig. 5(d) . In this case, the depth of the bottom is around 1.342 km which corresponds to a clutter angle of 35.8
• . Around this clutter angle, the Hanning weights only reduce the clutter power by about 5 dB. While the MVDR weights place a null at 39.2
• on both left and right sides with a null depth −34.1 dB and −26.2 dB, respectively. The null angle shift of 3.4
• is because the clutter is not a pointtarget clutter but a distributed-surface clutter. On average, the power of the distributed clutter was reduced by about 15 dB. We provide another example of cross-track clutter reduction to illustrate the effectiveness of the MVDR algorithm. Fig. 7(a) shows the high-altitude flight lines the DC-8 flew along the Greenland margin area just north of Kulusuk on April 14, 2010. Fig. 7(b) is the radar echogram corresponding to the 52-kmlong flight segment highlighted in red in Fig. 7(a) . The altitude of this flight segment was around 4.8 km, and the air speed was about 792 km/h. The clutter from mountains masked everything including the ice-surface multiple. Fig. 7(c) presents the result after data were processed with the MVDR algorithm. We obtained substantial reduction of surface clutter and both the ice surface multiple, and the complex ice bottom topography can be clearly identified. The ice thickness on the right most part of the image is about 1.5 km.
V. ADDITIONAL RESULTS

A. Examples of Measurements in Antarctica and Greenland
There have been four field surveys since the start of the OIB mission. MCoRDS/I was used to collect data in the spring of 2010 and 2011 over Greenland and in the fall of 2009 and 2010 over Antarctica. In this section, we include a few more examples of high-altitude measurements collected during the Fig . 9 shows the result from the survey on April 9, 2010 over an outlet glacier of Rink Isbrae in Greenland. Fig. 9(a) shows the flight lines that cover the outlet glacier. Two flight segments are indicated with green and red lines. The green segment is along the outlet glacier, and the red one is across the outlet glacier. For the green segment, the altitude varies from 9.45 km to 10.35 km, the length is 51.9 km, and the mean aircraft speed is 898 km/h. For the red segment, these values are 9.7 km, 55.75 km, and 884 km/h, respectively. Fig. 9(b) and (c) are the radar echograms corresponding to the green and red segments, respectively. It is observed that all of the ice bottom of the green segment is visible and most of the cross segment is also visible. The dashed vertical lines in the echograms indicate the location of the intersection of the two segments [the cross in Fig. 9(a) ]. The ice thickness at the cross-over is 1226.3 m. The ice thickness difference from the two segments is only 20 m, the same as the depth resolution. Hence, it can be concluded that the measured ice thickness at the intersection of two crossing flight lines is in good agreement.
As shown in Fig. 9 (b) while the aircraft was approaching the calving front of the outlet glacier along the channel, weaker icebottom echoes, at a distance of around 15 km, were masked by stronger ice clutter, even after we applied the MVDR algorithm and reduced the clutter. Fig. 10 shows results for a similar case over an inland fast-flowing channel surrounded by mountains in Antarctica, shown in Fig. 10(a) . The MVDR beamformer was able to reduce the ice clutter and bring up the masked ice bottom at both sides of the flight segment. However, the ice bottom was not detected in the middle of the fast-flowing channel. The cross in Fig. 10(a) indicates the along-track location where the strongest clutter is observed in Fig. 10(b) .
We collected radar data over lines of approximately 15 000 km and 10 490 km (these do not include the sections above the ocean) from high altitudes in the spring 2010 survey over Greenland and in the fall 2010 survey over Antarctica, respectively. Overall, we detected 50.46% of the ice bottom of the ice sheet along the flight lines over the Greenland Northwest and Southeast coastal areas. We detected about 92.54% of the ice bottom of the ice sheet along the flight lines that cross the South Pole and the Antarctica Peninsula. Fig. 11 shows the high-altitude flight lines for which radar sounder data we collected during the above two 2010 field seasons. In these maps, the green color represents areas for which ice thickness was successfully measured, while the red color represents areas for which ice thickness was not measured. It is observed that most of the unsuccessful high-altitude measurements were around the margins of the ice sheets where the ice surface is usually very rough because of crevasses. The overall results are available at [26]- [29] .
B. Comparison Between Low-Altitude and High-Altitude Measurements
Because there were no overlapped low-and high-altitude flight lines during the same field season with the same aircraft, in this section, we provide a comparison between low-altitude ice measurements from the 2011 Greenland P-3 mission and high-altitude ice measurements from the 2010 Greenland DC-8 mission. The primary purpose is to illustrate the data quality we obtained with high-altitude measurements compared to low altitude measurements for a variety of ice surface conditions. Fig. 12(a) shows two flight lines that cross orthogonally in the middle of Greenland. The height of the P-3 aircraft above the surface is about 450 m for the low-altitude flight line, marked in blue, and the height of the DC-8 aircraft is about 4200 m above the ice surface for the high-altitude flight line, marked in red. The ice surface is relatively smooth, and no surface features can be observed in the background map. At the cross-over, the depths measurements from the low-and high-altitude flights are 2939.4 m and 2907.3 m, respectively. Fig. 12(b) presents the radar echogram from combining the low-altitude measurements of four channels using Hanning weights. The thickness is about 3 km. Because there was little ice-surface clutter, ice internal layers are clearly visible, and the SNR for the ice bottom returns varied between 20 and 30 dB. While Fig. 12(c) also presents the radar echogram from combining the high-altitude measurements of five channels using Hanning weights, the severe ice-surface clutter masked internal layers and resulted in weak bottom echoes. The signal-to-clutter ratio (SCR) at the ice bottom is around 6 dB. Fig. 12(d) presents a radar echogram of the high-altitude measurements with the MVDR beamformer. The masked ice layers were brought up, and the SCR at the ice bottom was improved to between 12 and 15 dB. Note that the ice-surface multiple appears at about 55 μs in the radar echogram. Fig. 13 compares the low-and high-altitude measurements over a moderately rough ice surface. Fig. 13(a) shows the measurements taken over an outlet glacier on Greenland's west coast. The blue and red lines are low-and high-altitude flight lines that are about 500 m and 10 000 m above the surface, respectively. The depth measurements at the cross-over are 993.1 m and 957.6 m from low-and high-altitude flights. Similarly, Fig. 13(b) shows the radar echogram from combining the low-altitude measurements of four receiver channels using Hanning weights. The thickness at the deepest part of the channel is about 1.1 km. The channel shape of the outlet glacier is clearly delineated, and the SNR is as high as 43 dB. Fig. 13(c) shows the radar echogram from combining the high-altitude measurements of the five receiver channels using Hanning weights. Unlike the low-altitude measurements, severe ice-surface clutter masked ice-bottom returns from the channel. Fig. 13(d) presents the radar echogram of high-altitude measurements with the MVDR beamformer. The ice bottom of the channel was brought up after clutter reduction by the MVDR algorithm. The SCR at the lowest ice bottom is about 15 dB. However, the residual ice-surface clutter is still visible, and the shape of the channel is not delineated as clearly as the lowaltitude measurements.
The propagation loss due to the different flight altitudes, and the gain differences associated with the antenna arrays are the two main differences between the low-and high-altitude measurements we used for the above comparison. For example, in the case of Fig. 12 , because we performed SAR processing with a fixed beamwidth, we assume the propagation loss is proportional to the cubic of the target range. Therefore, the propagation loss for the high-altitude measurements is about 13.19 dB larger than the low-altitude measurements for the ice bottom at a depth of 3 km. The antenna array on the P-3 is significantly larger than that on the DC-8. The P-3 array is composed of three subarrays, including a seven-element center array for both transmit and receive and two four-element wing arrays for receive only. All of the P-3 subarrays use halfwavelength spacing. The array gain for the P-3 antenna is 8.4 dBi on transmit and 11.7 dBi on receive. Because we only used data from four channels on the wing in the comparison, the antenna gain on receive is 6 dBi, and the combined T/R gain is 14.1 dBi. The array gain for the DC-8 antenna is 4.3 dBi on transmit and receive. As a result, the total array gain for the P-3 is 5.5 dB greater than on the DC-8. For the low-altitude measurements, although the 10-μs chirped pulse is one third of the 30-μs chirped pulse used in the high-altitude measurements, the signal bandwidth is 30 MHz, which is about three times that of the longer pulse. This results in about the same pulse-compression gain for low-and high-altitude measurements. The transmit power is 400 W for both the P-3 and the DC-8 in the comparison. In total, the signal-to-noise ratio of the ice bottom at a depth of 3 km would be about 18.69 dB lower for the high-altitude measurements compared to the low-altitude measurements.
VI. CONCLUSION
We successfully designed and developed a multichannel radar with very low range sidelobes that are 56 dB or lower below the main peak for the 30-μs chirp waveform used during OIB high-altitude flights. The planar cross-track array on the DC-8, coupled with an MVDR algorithm, is effective for reducing the cross-track surface clutter. The results from the 2010 OIB missions in Antarctica and Greenland have shown that MCoRDS/I is able to measure the ice sheets' thickness in both inland and coastal areas from a height of 10 km, and at speeds of up to 900 km/h. Along the high-altitude flight lines, we have retrieved more than 90% and 50% of the ice thickness in Antarctica and Greenland, respectively. The areas of unretrieved ice thickness are characterized by a very rough surface where extremely strong ice clutter masks unusually weak ice bottom echoes. We have demonstrated that properly designed radar with a cross-track array on a long-range UAV or manned aircraft can be used to survey large areas of ice sheets to obtain improved coverage and fill gaps in ice thickness data for many unexplored regions of East Antarctica. He joined Vexcel Corporation, a remote sensing company in Boulder, CO after graduation and worked as a Systems Engineer and a Synthetic Aperture Radar Engineer for three and a half years. Since early 2010, he has been a Research Faculty Member at the Center for Remote Sensing of Ice Sheets at the University of Kansas to lead the signal and data processing efforts. His research includes developments of multichannel ground-based and airborne radar systems for imaging through ice sheets, and multistatic 3-D imaging algorithms for remote sensing through media. He has participated in field work in Chile, Greenland, and Antarctica.
